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D. Grosnick, S. C. Wright
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and
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A search hag heel) performed for the decays u + eee, v + eY, and
;O#jYY with n sensitivity in the branching ratios at the level of

. The experiment used a surface muon
beam ail

LA!4PF with an
avera~e intensity ot W) kHz. A tot~l of > 10 muon dccaya was
examined for the present result. The detector for the experiment is
tt)e Crystnl Box, which consists of a cylindrical drift chamber
surrounded by 396 NaI(Tl) crystals. A layer of scintillation
coilnters in front of the cryatala provided ttming for electrons and a
veto for photons. The ener~!y resolution for electrons and photons 1s
*6% (FW{?I). The position resolution of the d ift chamber is 350 Un
leading co a vertex c~lt with a rejectton of If)$ for B + eee.
ttmlng

The
re~olutlon 19 -409 ps from the scfnttllatnrs and -1 ns from

the crystals. From these values, the eee and eyy limits nre expected
to be background free.
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include massive neutrinos, an expanded Higg8 eector, super-symmetric
theorlee, and many others. In general, none of these theoriee does
well In predicting an absolute decay rate. However, they usually do
predict the ratios of decays Buch as IJ + ey, D + 3e, P-Z + e-z,
B + cyy. The theoriee differ considerably aa to which decay mode
dominates: it 10 lmposaible to predtct in which decay ❑ode lepton
number violation will first be eeen. Consequently it 1s important
for experiments to consider all channela. The current limite for the
various lepton-number-violating decayg are:

1’

r(L~WY)
< 1.7 x 10-10 (Ref. 1)

r(p+evv)

I’(u+eee) < 1.6 X 10-10
r(~-uv)

r(u-yy) < 8.4 x 10-9
r(~+ev~)

r(u-z + e-Z)
<zxlo-~1

r(u-z + VZ-1)

(Ref. 2)

(Ref. 3)

(Ref. 4)

The Crystal Box is shown in Fig. 1. It is a gene;al purpose
charged particle and photon detector of large solid angle, and Is
currently in place at the Stopped Muon Channel of the Los A1.nmos
Meson Physics Facility (LA?IPF). A lnrge (7.4-cm effective :-’di~le).
thin (52 mg/cm2) polystyrene target etops positive muons. .~ th!n
target mlnimize9 multiple scacterin}:, brernsstrahlung, and other
eecondary processes; consequently a ~urfa~e muon beam is ideal.
Surrounding the target la a 728-wire, ●ight-pl~ne, large-btereo-angle
drift chamber, which allows one Lo determine in three dimensions, the
tracks of charged particles. The ningle-plane resolution is about
350 urn FWH?l. The drift chamber 10 Et rounded by a 3h-aectlon
gegmented plaBrtc scintillator hodornccpe, which 18 used to provide
charged particle identification, good tLming, ●nd a fast on-line
charged particle position. Energy inforrnatior, is provided by a
large-solid-angle 396-element eegmented NaI(Tl) array. Three hundred
uixty 6.35 x 6.35 x 30.5-cm cryntala mre arranucd in four quadrante,
●mch with nine rows of ten crystals. Thirty-six
6.35 x 6.35 x b3.5-cm crystals ●re arranged in four group~ of nine,
ont? in each corner between two qundrnl)ts. The detector haa a(, ●ntrgy
resolution of approximately 6% FWHMat 5!2 FteV for bo:h ●lectrane and
photonn, and n ttmlng resolution of about 400 pe WHM for ●lectrcns
and 1 no for photons. The knowledge of the ori~!n and the orlgillal



pig. 1. The Crystal Box Detector

direction of ● charged particle 10 limited by multiple ocatteriug in
the targ?t, the target fraue, and the inner drift-chamber foil. The
poeition reaoluticm of the origin on the target la on the order of
2 m. The photon conversion point is determined to about 1.6 cm by
the ●nergy sharing in the different NaI crystala. The solid
angle times ●fficiency la approximately 12Z for 3e events, 40Z for ●y
●vents, ●nd 14Z for ●yy ●vents.

The llmite on the senaitivlty of ●n ●xperiment looking for rare
procesaea are determine’ by how well the backgro~nde are euppreosed.
The ●ourcce of backgrour ●re random coincidences between ?lichel
electrons ●nd bremastrahlung photone, and the prompt procer es
u + ●eev~, u + ●yv~, ●nd u + ●yyv~. Random colncidencea dominate the
bnckgtound for the Cry~tal Box in all three decay ❑odee. However,
for the ●y mode the prompt background ccmtribute~ ●bout 10Z. Kming
the ●nergy, time, and position reaolutionc one placea the requirement
on all decay modes that the particlea be in time, that the total
●nergy be equal to that nf the muon, ●nd that the vector sum of the
momenta be zero. In addition, for 3e ●vente, one can require that
all tracka have a comzon origin on the target. The ellppresaions that
one gaina from these cute ●re considerable. The dominant euppreaaion
of randomo in ●ll caaen io due to timing. For the ev caue, energy
cuts wppreaa the random background by ● factor of -100, ●nd the
prompt background by ● factor of -1000; ● subsequent vector momentum
cut raduceo the randoma ● further factor of -200 and the prompts by ●

factor of two. For the 3e cane, requiring all three ●lactrona to
originate from the same poinr on the target reduces random. by ●

factor of -3000; ● vector momentum cut adds an additional factor of
-4000● Figure 2 .aumrnarizea the ●eneltivity of the experiment ●e a
function of running time ●nd beam intenmity.
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Fig. 2. Mo~te Carlo prediction of branching ratio aeneitivity as a
function of running time and muon stopping rate. For each mode the
upper line corresponds to a rate of 250 kHz and the lower line to a
rate of 500 kHz. The cusps represent the points where background is
expected to enter.

In order to reduce the data stream to manageable proportion,
the trigger of the experiment is quite sophisticated. The trigger
defines an electron as a signal in a hodoscope scintillator wjth more
than 5 MeV of energy in a crystal in one of the three ows of
crybtals directly behind the sclntillator. A photon quadrant is
defined by requiring energy in the NaI with no scintillator firing in
front of it, or in the nearest scintillator In the adjacent two
quadrants. The 3e trigger requires that there be signals in three
non-adjacent pl~stic acintillatore within abou- 10 n9, that the
6cinLillators be in a geometric pattern kinematicaily consistent with
a 3e decay, and that three ecintillators fire witl~!n 5 ns of each
other. The ey trigger requiree thut there be an electron and photon
quadrant opposite each other, and that each have a Nil ●nergy greater
than 35 FleV. The eyy trigger requlrea et least two gamma quadrants
one elec~ron quadrant, and a ~otal energy in all NaI of more than
about 70 MeV. The~a trigger requirements generate a ttigger rate of
about 20 I{z with 7.; MHz inatantaneou~ Gf muonk! stopping in the
terget at a 7% duty factor (500 kHz average).

The apparatua IS Instrumented with analog-to-digital converlera
(AIK’a) and time-to-digital conver~ers (TDC’0) on all of the plastic
eclntlllstors nnd Nal crystals. rhe drift-chamber wire signals are
discrimlnat~d and uoed to atop individual TDC’B. In addition, n
nvcond A13C with n different gate Is used on the NaI crystals aa a
pileup rejector. The t.riRger startn all the TDC’a, provldea a ga~e
for the ADC e, and providee a ~tart signal for the readout of the



I?v(!nt . For each event all the scinttllntor, AllC, and TI)C (-la La ,ar~.

recorded. Distributed processors are used to psr[orm iI sparsu data

scan for the rlrtft-charnhur TDC information and the NaI plJ 1 %12 lieight

and tlmlng information. Takin~ dnta in thi.q fashion make~ ench event
shout 500 lh-blt words long. At fixed Intervals a niJm5er of scalers
are read out ; these provide informntlon about the nurnher of muons
stopped, the duty factor, and dead time. A PllP-11 is u~ed to acqujrfi
and tape the data. The optton exists to reduce the taping rate by
“using tha data acquisition computer to make c~lts on the data before
taping.

A small amount of data was collected this January. We acqllirerl
data at about 300 kHz of muons and 7.5% duty factor. Approxlmatel:~
~ x inn muons were stopped. All the data were processed by ‘i

multtstuge filtering process. A first pass consisted of softward
timing cllts and geometrical cuts that could be applied without IJSlnE

the drift chamber reconstruction routine~. This reduced the amo~~nt
of data by a factor of -10. A second pass used the drift chanber
tracks to allow one to do mere severe timing and geometrical cuts,
and provided a fur:her reduction of a factor of -10. The effects of
the. major data reductions are shown in Table I. The data remaining
after the first two passes consist of 10~-113k events in each of Llli!

data stream~. These are carefully investigated to look for a prompt
signal and any candirl”tes for lepton family violating decays. We
expect to be able to put limlts on the order of 10-10 for all decay
modes with this set of data.

We have found several p + ‘lev~ events. The acceptance of the
detector for these eventq was greatly reduced for most of the rlln hy
requiring a tllta!. energy of 75 deV in the NaI. In subsequent data
acquisition this requirement will be relaxed and several hundred
p + 3evv- events should be seen. Figure 3 shows one of these events.
Currently the CYVI eventq are hein~ studied. We are seclng a
considerable enhancement in the time spectrum of such events;
however, it i~ not yet known whuchcr we will be able to make thtq

sample background-free.
It iq expected that we wII1 ~top In]z muons this swnner and that

limits on the ordvr of in-l’ will he placed on all three decay modes.
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Fit. ~. A 3ev~ event (lookin~ alon~ the beam axi~). The numbers,.. ..
represent the energy (%V) deposited in a row of NaI crystals. The

x’s are hodoscope scinttllators that fired; and the dashed lines are
r !lP drift chamher reconstructed tracks. The large squares are shown

on th.’ wires used in the reconstruction. The small squares are ocher
wjres thai fired. The offset of wires from the reconstrllcted track
is due to the drift vhmber wire stereo angles.



TAME 1
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~ stops:— —-. 2.2 x 1o11

3e Eventn:--..—- —-

Trl Efiere
A < 1.5ns
E}track > Ill %V (in NaI)
Each :ruck hns LNa I - t~c.nt < 5ns
3 rlrl ft ~hil~hcr Lracks reconstruct Lo verLex
Vt?r Lex CUL

Encrgv + missing momentum <120 NeV

n Evmnls sUTViVin&—----- .. . . . - ..— -

17.4 z 105
3.4 P 105
].5 x lf)~
].3 x 1(J5
52500

981)(J
3383

ey Fven Ls:—--- —- -

TriRRers 1~.9 ~ 105

- ‘electron <4nsCgaamn 7.9 x 105
No energy in scintilla~or ADC*O in Ramma quadran L 4.q x lnt
E > lfl ?leV, Ey > Ifl MeV, Eey > 3(I MeV, At < 3.5 ns 1.4 x 105
E~ectron track reconstructs t I target 1 x Ins
ey anflle >140° 56000
~

el + missiqg momentum <l?f) !leV 410[)0

eyy:—.

Triggers 4.3 x lf)5
Scintlllator .4DC’S in gantna quarlranLs have no energy 1.9 x 1’15
Ee, Ey >10 ‘luV, A t < 4.5ns 2f,<79
f)rlft Chm%cr trnck thaL recmsLrllcLs Lo tarKeL 15325
Eeyy + mi~sing momentum <12[1 NeV 111384
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